We investigate the dark matter phenomenology of a Dirac fermion together with kinetic mixing in the context of an Lµ − Lτ model. We analyze which part of the parameter space can provide a viable dark matter candidate and explain the B-decay anomaly, while obeying current data. Although the allowed region of parameter space, satisfying these requirements, is still large at the moment, future direct detection experiments like XENONnT and DARWIN will, in case of null results, significantly strengthen the limits and push the model to a corner of the parameter space.
I. INTRODUCTION
Precise measurement of the cosmic microwave background (CMB) radiation has greatly impacted our understanding of the universe. In particular, it has shown that 27% of the energy budget of our universe is comprised of dark matter (DM) [1] whose nature remains a mystery [2] [3] [4] . The success of the CMB and Big Bang Nucleosynthesis suggests thermal equilibrium as a fundamental guiding principle. Therefore, it is plausible to assume that dark matter particles were also in thermal equilibrium with the Standard Model particles in the early universe. This key assumption implies, for the DM, a thermal annihilation cross section at the weak scale which has been intensively probed via indirect detection experiments [5] [6] [7] [8] [9] . In this work, we assess this thermal dark matter production in the context of the L µ − L τ symmetry.
Extensions of the Standard Model (SM) involving the difference of the lepton numbers such as the L µ − L τ gauge group are automatically anomaly free [10, 11] . Since this symmetry does not act on the the first generation of leptons, the model can potentially explain the anomaly observed concerning the muon anomalous magnetic moment [12, 13] without being subject to the strong limits from the Large Electron-Positron (LEP) collider [14] . Many other phenomenological studies have been carried out in the context of the L µ − L τ symmetry focusing on flavor anomalies [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , neutrino [26] [27] [28] [29] or collider physics [30] [31] [32] [33] [34] [35] [36] . In this work, we are mainly interested in the dark matter phenomenology. In [37] feebly interacting particles were investigated as dark matter, while in [38, 39] Weakly Interacting Massive Particles (WIMPs) were the candidates. In the latter, the authors discussed a model where there was no Z − Z kinetic mixing. In [40] [41] [42] different incarnations of the L µ − L τ symmetry were addressed.
Our work differs from previous studies because we introduce a kinetic mixing parameter which is expected to be present since it is gauge invariant and there is no reason for it to be neglected. Even if one sets it to zero at tree level it * arcadi@mpi-hd.mpg.de; thomas.hugle@mpi-hd.mpg.de; farinaldo.queiroz@iip.ufrn.br can be generated at 1-loop [43] [44] [45] . This crucial point leads to a different dark matter phenomenology because now the dark matter candidate can annihilate into all SM fermions and gauge bosons and scatter off nuclei at tree-level.
We take the opportunity to assess whether this model can also address the anomaly observed in the LHCb data concerning the rare decay of B-mesons [46] 
. This anomaly observed in LHCb data by [46] has been confirmed by several independent studies [47] [48] [49] including a new one from LHCb [50] which also hints at new signatures such as lepton flavor non-universality [51] . These findings are furthermore supported by global analyses [52] [53] [54] [55] [56] [57] [58] [59] .
In summary, our model is complementary and differs from previous works because it takes into account kinetic mixing and tries to address the LHCb anomaly while successfully hosting a fermionic dark matter particle (see [42, [60] [61] [62] [63] for attempts to address simultaneously both of these issues in different models).
Our works is structured as follows: In Section II we describe the model, in Section III we derive the relevant interactions for our phenomenology, in Section IV we address the existing bounds on a Z gauge boson arising from gauging the L µ − L τ symmetry, in Section V we present our numerical results concerning dark matter and the B-decay anomaly, before concluding.
II. THE MODEL
In this paper we investigate a kinetically mixed L µ − L τ symmetry [39, 64] . In addition to the Standard Model (SM) terms, the model includes interactions of the newẐ gauge boson and a kinetic mixing term
where the hats on the gauge fields denote that they are in the mixed basis and the kinetic mixing parameter sin( ) appears. under the U (1) Lµ−Lτ gauge group, leading to
with 2/3 denoting the left-handed lepton doublets of the second and third generation. This can be rewritten in the useful form
with the projection operator P L := 1 2 (1 − γ 5 ) and we included an additional factor q accompanying theg in case the symmetry of the new
Dark Matter is introduced, in this setup, by considering a new particle charged under the new U (1) symmetry, which also guarantees its stability, while being a SM singlet. One simple possibility is to consider a vector-like Dirac fermion χ. Its coupling to theẐ is described by the following Lagrangian:
with charge q χ of the DM under the new gauge group. While it would be intriguing to consider a dynamical generation of the DM mass m χ from the spontaneous breaking of the U (1) symmetry, we will postpone it to future study and just regard m χ as a free parameter here.
Transforming to the standard kinetic terms and diagonalizing the mass matrix [65, 66] , we find for the relation of the gauge fields in the mixed basis to the physical fields (using the shorthand notation for trigonometric functions)
where the sign in front of the square root is determined by the fact that we want t α → 0 for → 0. For a realistic set of parameters this can be approximated to an accuracy of better than 1 ‰ by
III. INTERACTIONS, CROSS-SECTIONS AND DECAY WIDTH
Using the relations in Eq. (5), we can determine the interactions of the SM states and the DM in the physical basis. In this basis the DM features interactions both with the Z and the Z boson given by:
where we defined
with g χ := q χg . The interaction of the SM fermions with the physical photon are left invariant by the change of basis, hence they read:
where we can make the identificationê = e (cf. [65] ) and Q is the electric charge of the fermion f . The same holds true for the W , which as well has unaltered charged current interactions. Concerning the neutral current interactions we have:
While for the case of quarks and first generation leptons these couplings depend only on SM parameters as well as the mix-shows that the photon gauge interactions do not change, while the Z interactions get weighted by a factor of c α and also appear for the Z weighted by a factor of −s α . This leads for the relevant three point interactions to
where we abbreviated
, and defined
The last relevant kind of interactions are the ones with the Higgs, represented by
This concludes the list of relevant interactions and it is worth mentioning that we neglected four point interactions for the Higgs and gauge self interactions, since they are not relevant at tree level for the processes we take into account. With the interactions at hand we can now compute the dark matter annihilation cross section and the decay width of the new Z boson. The Feynman diagrams for the possible dark matter annihilation channels are depicted in Fig. 1 .
For the dark matter annihilation we adopted the conventional velocity expansion, σv a + bv 2 , retaining only the leading order term, thus getting relatively simple analytical expressions:
where the decay χχ → Z Z is identical to the one to ZZ only with every Z replaced by Z and for the decay χχ → Z h in comparison to the one to Zh one has to replace Z by Z and vice versa (also in g h ). The factor N c accounts for particle multiplicity, i.e. the different colors of the quarks. To be able to display the expressions in a more compact way we defined
Similar calculations for the Z decay width lead to
Now that we have derived the relevant interactions for our model, we present the bounds on the parameter space as summarized in the next section.
IV. BOUNDS ON THE MODEL PARAMETERS
In this section we will, besides the LHC bounds, address two constraints that refer to electroweak precision and neutrino trident production. They restrict three key parameters in our study namely, the kinetic mixing, the Z mass and the L µ −L τ gauge coupling. We begin with electroweak precision which is imprinted on the ρ parameter.
A. Electroweak Precision
To relate the ρ parameter to the model, however, we will need to make a small detour and have a closer look at the weak mixing (or Weinberg) angle first. Since it is the angle that determines the rotation from theŴ 3 µ andB µ to theẐ µ andÂ µ fields, it is affected by the diagonalization of the Z-Z -sector. Therefore, there are two weak mixing angles. One is the usual one from the SM defined bŷ
and is denoted with a hat since it belongs to the mixed basis. The other one is the physical weak mixing angle (the one measured in a lab), which is conventionally defined as [65] 
where α(m Z 
This relation enables us to determineŝ W from the model parameters s and m Z and the experimentally determined quantities s W and m Z . To get a better idea of howŝ W qualitatively behaves we can expand this expression in around 0 to get
however we will continue to work with the more exact expression.
With this knowledge at hand we can derive a limit on the mixing angle from the measurement of the ρ-parameter. By definition we have
which can with m W =m W and Eq. (30) be rewritten to
because the first fraction is by definition ofĉ W identical to one (cf. Eq. (28)). Together with Eq. (32) forŝ 2 W , this enables us to determine a limit on s depending on the value of m Zby using the PDG16 values [67] . In addition to the limit from the ρ parameter, we can also use the limit form electroweak precision tests (EWPT) [68] 
Both of these limits are shown in Fig. 2 and one can see that except for a small interval below m Z ∼ 130 GeV the bound from EWPT is stronger. This already shrinks the parameter space of the model by limiting the possible values for the kinetic mixing parameter. We will move on to neutrino trident production, which will allow us to constraint the Z mass and the gauge coupling.
B. Neutrino Trident Production
Neutrino trident production refers to the scattering of a neutrino off a heavy nucleus where a pair of muons is produced in the final state [64, 69] (the leading Z contribution is shown in Fig. 3 ). If this process can, in addition to Z interactions, also happen via Z interactions to the neutrinos and muons, the expected rate changes compared to the SM. For this reason, neutrino trident production is a perfect laboratory to probe the L µ − L τ symmetry. The process has been measured and due to the reasonable agreement with SM predictions one can use this observation to constrain muonic forces such as the one present in the L µ − L τ model. This has been carried out in [70] , where a lower mass bound of m Z > 540 GeVg l was found. The corresponding bound is shown as a hatched region in the figures. Only one coupling appears in this lower mass bound because the Z couples with equal strength, g l , to the leptons. Furthermore, the analysis in [70] also shows that it is not possible for a heavy Z (M Z > ∼ 400 MeV) to explain the muon g − 2 discrepancy within an L µ − L τ model without kinetic mixing. This should remain true also after including kinetic mixing, since none of the relevant couplings is significantly suppressed or enhanced because the mixing parameter is restricted to be small (cf. Fig. 2 ). 
C. B-Anomaly and LHC bounds
Over the last few years anomalies have been observed in rare B meson decays hinting at new physics [71] . There are uncertainties surrounding the SM prediction for these decays, but global fits seem to favor new physics effects in the b → sµµ transitions [54, 55] . Describing this using effective field theory, the data favor C N P 9 −1.07, where the coefficient rescales the effective Lagrangian
If we add this effective term to our model in the attempt to explain the LHCb anomaly, we automatically also alter the B s −B s mixing amplitude as predicted by the SM and which has been measured. Allowing the deviation from the SM prediction to lie within 15% [72, 73] , the upper bound m Z < 4.9 TeVg l (−1.07/C N P p ) is found [39] .
Having in mind the bound we presented stemming from neutrino-trident production, we conclude that the favored region to explain the B-anomaly is 540 GeV < m Z / g l < 4.9 TeV. This band is labeled as B anomaly in the figures.
Due to the kinetic mixing, the Z features couplings with quarks and can hence be resonantly produced in protonproton collisions. Among the possible decay final states the strongest constraints are provided by the searches for dilepton final states. We have translated the limits from most recent searches [74, 75] into excluded regions in the two-dimensional plane (m Z , m χ ) for some assignations of the parameters s , g l , g χ . The limits are strongest for m Z < 2m χ , while otherwise they are weakened by the presence of the "invisible" decay branching fraction for the Z into DM pairs.
These are not the only relevant bounds for the model. The other limits are related to dark matter searches, which we will address below. 
V. DARK MATTER PHENOMENOLOGY
In this section we address the dark matter phenomenology of our model in the presence of a fermionic dark matter particle in the context of the WIMP miracle [76] whose interactions are dictated by the gauge symmetry L µ − L τ and the kinetic mixing parameter.
The first key observable to be discussed is the dark matter relic density which can be computed using the thermally averaged annihilations cross sections given in Sec. III as a first approximation and away from the Z resonance. While the velocity expansion is very useful for illustration, it is not valid in some potentially relevant regimes [77] , like the m χ ∼ m Z /2 resonance region. For this reason, our results are based on a more rigorous numerical treatment performed by implementing the model in the micrOMEGAs package [78] . In this way we have derived the relic density curve shown in the figures with a solid black curve by finding the parameter space that yields Ω DM h 2 = 0.12 as measured by the PLANCK collaboration [1] 1 . 1 We have assumed thermal freeze-out throughout and ignored any nonstandard cosmology effects [79, 80] After checking that our fermionic DM candidate can achieve the experimental determined abundance, we need to asses whether it also obeys the restrictive limits from direct detection experiments [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] . Regardless of the null results, these experiments have played a crucial role in our understanding of dark matter properties since they have ruled out several dark matter models by limiting the maximal dark matter nucleon scattering cross-section.
In our model, the dark fermion scatters off nuclei at treelevel via the Z − Z mixing. The Feynman diagram for this process is the t-channel version of the second diagram in Fig. 1 with either a Z or a Z as mediator. Therefore, our model is subject to bounds stemming from direct detection experiments. The relevant limits come from spin-independent (SI) interactions and are usually expressed as upper limits on the scattering cross section of the DM on protons, as function of its mass. This upper limit should be compared with the theoretical prediction:
where µ χ,p = mχmp mχ+mp . f p and f n represent the effective couplings of the DM with, respectively, protons and neutrons, and are given by:
Note that, while the theoretical scattering cross-section of the DM on protons would just read
, we need to introduce, for a direct comparison with the experimental limit,
2 . Indeed, once converting the limits on the DM scattering rate on nuclei into limits on the scattering cross-section of the DM on protons, it is conventionally assumed that the DM interacts with the same strength with protons and nucleons. This is assumption is not valid for the model under consideration; consequently we had to introduce a normalization factor for the cross-section in order to achieve a proper comparison with experimental constraints (see e.g. [95] for more details).
The strongest limits on the spin-independent dark matternucleon scattering cross section are given by XENON1T [88] , while a slightly weaker constrained is provided by PANDA-X [91] (all these experiments are based on Xenon detectors, hence Z = 54, while we have adopted A = 131). Given the similarity of the limits we will refer to them as a unique curve labeled XENON1T. We will also present the projected limits from XENONnT [96] and DARWIN [97] which use the same material and readout techniques. Notice that these exclusion limits have been determined by assuming that the experimental value of the DM local density is always adopted in computing the DM scattering rate on the various detectors. This implies the implicit assumption that the DM candidate under consideration is the only DM component of the Universe and features the correct relic density Ω DM h 2 = 0.12 irrespective of the parameters of the theory. In other words we are assuming that, outside the contours corresponding to the correct relic density according to the WIMP paradigm, the correct DM abundance is accommodated, for example, by some non thermal production mechanism or, possibly, modified cosmological history of the Universe.
An important observable related to the dark matter relic density is the dark matter annihilation cross section. Indirect detection experiments such as Fermi-LAT, AMS-02, and H.E.S.S. and CTA provide stringent bounds on the dark matter annihilation cross section [98] [99] [100] [101] . However, these bounds are generally more relevant for dark matter masses below ∼ 100 GeV in agreement with [5, [102] [103] [104] [105] . Therefore, for the parameter space this work is focused on, indirect detection is left aside.
In the following, we present exclusion plots for the model for a variety of parameter choices. They are supposed to give an impression of where in the parameter space the model is still viable. The constraints are due to the fact that we want to get the correct dark matter relic density while still being compatible with dark matter direct detection experiments, neutrino trident production and dilepton searches at the LHC. In all exclusion plots the black curve shows the points in the parameter space that reproduce the correct DM relic densitywith the area in between having a too small one and outside it is too large -and the colored regions show the excluded area due to the direct detection experiment limits -with the red area being excluded by XENON1T, the orange area giving the reach of XENONnT and the green area the projected sensitivity of DARWIN. In blue we overlay the region in which the B anomaly could be potentially addressed using the effective description aforementioned. The hatched region refers to neutrino trident production limits (ν trident) and the dashed line to LHC dilepton searches.
There are several aspects that are apparent in the plots shown in Figs. 4, 5 and 6. The most effective bounds are by far the ones from XENON1T and LHC searches of dilepton resonances. The latter, in particular, provide for s = 0.1 the strongest exclusion limits. This can be understood from the fact that even if the production cross section is moderately suppressed by the kinetic mixing parameter, the direct coupling of the Z with the muons enhances its decay branching fractions into dileptons. The production cross section of the Z becomes nevertheless rapidly suppressed as s decreases. For s = 0.01 the exclusion bound becomes indeed sub-dominant with respect to the one from neutrino trident production. Nevertheless, regions of the parameter space which can reproduce the correct relic density, compatible with exclusion bounds, are present. Notice that in Figs. 4 and 6 we have used g χ = 1 while in Fig. 5 we adopted g χ = 0.1. Having that in mind, when m χ > m Z and g χ is sufficiently large, the t-channel annihilation into Z Z drives the annihilation rate and for this reason the relic density curves in Figs. 4 and 6 exhibit a similar behavior. This fact allows one to have Z masses below 1 TeV in agreement with direct detection data while still reproducing the correct relic density.
Furthermore, XENONnT and DARWIN will rule out significant parts of the parameter space (XENONnT leads to a roughly three times larger limit on the Z mass for the same DM mass and DARWIN excludes even more). A small g makes it harder to reproduce the correct DM relic density (one needs to be "more resonant"), while not giving an advantage in terms of direct detection bounds. Also, a small g χ helps to evade direct detection bounds, but makes it harder to get the correct DM relic density (a small kinetic mixing parameter is better in that regard). Moreover, one can notice that in Figs. 4 and 6 one can simultaneously accommodate dark matter and the B anomaly for TeV dark matter. When the dark matter particle is sufficiently heavy the t-channel annihilation into Z Z opens up changing the shape of the relic density curve while not suffering from strong limits from direct detection. For this reason our setup favors heavy dark matter, different to what occurred in [39] . Anyways, it is clear that in case we continue to observe no signal of dark matter scattering, the next generation of experiments will restrict the model to live in a corner of the parameter space.
VI. CONCLUSION
In this work we have investigated the Dark Matter phenomenology in a L µ − L τ extension of the SM, allowing in addition for kinetic mixing between the new Z and the SM Z boson. We have compared the requirement of correct relic density, according to the WIMP paradigm, with constraints/prospects from DM direct searches and collider searches for the new Z boson. Furthermore, we have examined whether the considered setup can account for the B anomaly, within the allowed parameter space from DM phenomenology.
We revisited limits on the L µ −L τ model such as those from neutrino trident production and concluded that the most competitive constraint comes from DM direct detection, which can probe even relatively small values of the kinetic mixing parameter. Larger values of the kinetic mixing parameter are restricted most strongly by LHC dilepton searches. For order 1 values of the gauge coupling g l associated to the new gauge symmetry, it is possible to account for the B anomaly compatibly with the correct DM relic density and still evading limits from DM Direct Detection. Next generation experiments, like XENONnT and DARWIN will noticeably reduce the region where dark matter and the B anomaly are simultaneously accounted for, in case of null results.
